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ABSTRACT: Proteomics holds significant promise as
a method for advancing animal science research. The
use of this technology in animal science is still in its
infancy. The ability of proteomics to simultaneously
identify and quantify potentially thousands of proteins
is unparalleled. In this review, we will discuss basic

principles of doing a proteomic experiment. In addi-
tion, challenges and limitations of proteomics will be
considered, stressing those that are unique to animal
sciences. The current proteomic research in animal sci-
ences will be discussed, and the potential uses for this
technology will be highlighted.
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INTRODUCTION

It seems part of our nature as a species to manipu-
late our surroundings. This includes the animals that
we use for food and companionship. Although genetic
manipulation in food animals is controversial, it has
been going on for centuries as we have bred animals for
certain characteristics. Today, we still manipulate ani-
mal characteristics by breeding for qualities of inter-
est. Detailed records of animals used for breeding are
kept and their progeny observed to find those animals
with the best production results. Thus, we have leaner
animals for consumption or dairy animals that produce
100 pounds of milk a day. With a breeding approach
to animal husbandry we can predict which animal
will yield offspring with a desired trait. Breeding for a
trait can be done with little or no knowledge of which
genes are responsible for the desired trait. The genetic
knowledge becomes important when linkage to a dis-
ease is found in a specific breeder. For example, bovine
leukocyte adhesion deficiency (BLAD) is an autosomal
recessive genetic condition that is lethal. It was shown
that BLAD was due to a single nucleotide mutation in
the gene CD18. Using PCR, researchers were able to
determine which sires had the recessive gene, enabling
their removal from the breeding population (Ryncarz
et al., 1995). Thus, knowledge of the gene and its se-
quence was critical to the identification and resolution
of this disease. With the advent of the genomic age we
are moving away from breeding for a physical trait and
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moving toward breeding for a particular gene or set of
genes. In fact, genetically modified cows were recent-
ly generated that produced an antibacterial protein
in their milk resulting in animals less susceptible to
Staphylococcus aureus mastitis (Wall et al., 2005). The
genome projects of the various domestic animals will
increase our ability to associate desired traits with the
necessary genes. However, understanding the genes is
only the beginning of the biological story.

Genes are transcribed into mRNA, mRNA is trans-
lated into proteins, and proteins form and build each
cell. Therefore, the gene sequence, transcription,
translation, and posttranslation are all points in a
gene product’s expression that are controlled. Genome
projects have given us the gene sequence information,
techniques such as real-time PCR and microarray are
giving us gene expression data, and proteomics is giv-
ing us information regarding protein expression and
posttranslational modifications. Together these tech-
niques have brought animal research to a molecular
level.

In addition to mutations in genes (e.g., CD18, see
above), the expression of genes can be very important
in disease manifestation. There are 2 ways to deter-
mine gene expression: first, quantitation of mRNA,
and second, detection or relative quantitation of pro-
tein. Both measurement of mRNA and protein can be
accomplished using techniques that measure single
genes (e.g., real-time PCR for mRNA and Western blot
for protein) or genome-wide technologies that measure
thousands of genes (e.g., microarray for mRNA and
proteomics for proteins). Microarray analysis is used to
determine mRNA expression for as many as 10,000 to
40,000 different genes (Stoughton, 2005; Ness, 2007).
Microarray analysis has the advantage of being able to
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measure gene expression changes in a large percent-
age of the genes of a cell in one experiment. In contrast
to proteomic studies that suffer from dynamic range
issues (i.e., high abundance proteins overwhelming
detection of low abundance proteins), microarray can
detect not only mRNA from high expressed genes but
also very low expressed genes. However, numerous
studies have shown examples of a lack of correlation
between mRNA and protein abundance (Gygi et al.,
1999b; Ideker et al., 2001; Griffin et al., 2002). For ex-
ample, changing the carbon source for yeast resulted
in a 500-fold increase in mRNA for a gene involved in
sugar metabolism, whereas the corresponding protein
only increased 10-fold. In addition, some genes showed
no change in mRNA levels but showed significant in-
creases in protein levels (Griffin et al., 2002). These ex-
amples of a lack of correlation highlight the importance
of linking mRNA expression results with subsequent
proteomic studies.

Proteomics is the large-scale study of protein expres-
sion, protein-protein interactions, or posttranslational
modifications (for more specific reviews, see Ong and
Mann, 2005; Cravatt et al., 2007; Gingras et al., 2007;
Witze et al., 2007). Unlike other methodologies that
analyze a few proteins at a time, proteomics can ana-
lyze thousands of proteins in a single experiment. This
ability to analyze thousands of proteins gives the field
of proteomics a unique capability to demonstrate how
cells can dynamically respond to changes in their envi-
ronment. Therefore, a goal of proteomics is to identify
new and potentially unexpected changes in protein ex-
pression, interaction, or modification as a result of an
experimental treatment. Generation of large proteomic
data sets is expected to demonstrate the interdepen-
dence of cellular processes important for normal cell
growth or a cell’s response to abnormal or disease con-
ditions. In essence, a proteomic approach enables an
investigator to step back and, without prejudice, view
the whole picture of cellular functions instead of one
particular action of one protein. This type of research
enables the discovery of unexpected connections be-
tween cellular processes as a precursor to new hypoth-
eses.

In this review we will discuss some of the current
proteomic technologies and challenges of these tech-
nologies. In addition, we will discuss how the comple-
tion of the Human Genome Project has helped propel
proteomics research and how genome projects in vari-
ous agricultural species will aid proteomic studies in
animal science. Finally, we will discuss how these
technologies are being applied to solve important sci-
entific questions in agricultural animals and animal
products.

PROTEOMICS

The field of proteomics exists because of the ad-
vances in the last decade in the fields of mass spec-
trometry, genomics, and bioinformatics. Both sensi-
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tive instrumentation and a complete protein database
are essential to most proteomic work. Advancements
in mass spectrometer design are predicted to increase
the number of proteins identified, with the goal of an
accurate and complete list of proteins that constitute
a proteome. Continued refinement and annotation of
genomic databases will enable identification and func-
tional assignment of mass spectrometry data.

Examples of Experimental Approach

Proteomic experiments can be directed toward de-
tection of certain known proteins of interest, or an
indirect or shotgun approach can be taken. In the
shotgun approach large complex proteomes are ana-
lyzed for changes in protein presence, expression, or
modification. Generation of a large data set of protein
expression can be an important prelude to hypothesis-
driven research and can yield unexpected results. The
strength of this technology is the sensitivity of the mass
spectrometer and the number of proteins that this type
of experiment can identify. Whereas procedures such
as Western blot detect one protein per experiment, a
single proteomic experiment can identify greater than
a thousand proteins. In addition, techniques such as
Western blot require reagents such as a specific anti-
body for detection of a protein; shotgun proteomics re-
quires no a priori knowledge of a protein’s existence in
a sample.

Technical advances have improved the sensitivity
and accuracy of mass spectrometers necessary for pro-
teomic work. Despite this high sensitivity, 2 factors
complicate protein identification: first, the number of
proteins that constitute a proteome, and second, the
expression level range. First, the number of proteins
that constitute the human proteome is estimated to
be greater than 30,000 proteins, not counting alter-
native splice variants and posttranslational modifica-
tions (Cho, 2007). Second, the range of protein expres-
sion complicates detection of low abundance proteins
in typical biological samples. The expression dynamic
range 1s estimated to be greater than 7 orders of mag-
nitude (Stasyk and Huber, 2004). For example, nearly
half of the protein in plasma is albumin, and the top
10 proteins in plasma make up nearly 90% of the to-
tal protein (Cho, 2007). These 2 factors have led to the
addition of various protein separation methods to pro-
teomic experiments before mass spectrometry. There-
fore, various fractionation schemes of the proteome
into less complex mixtures are necessary for a more
complete identification of proteins. Fractionation can
be achieved by subcellular fractionation, enrichment
strategies, chromatography, or gel electrophoresis
(Stasyk and Huber, 2004). These fractionation strate-
gies can be used individually or in combination to im-
prove detection of small abundance proteins.

Figure 1 shows an outline of a potential proteomic ex-
periment with multiple dimensions of sample fraction-
ations. After sample isolation, one of the first potential
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fractionation methods is subcellular fractionation of
the cell (Warnock et al., 2004). Use of this method has
yielded information such as the proteomic composition
of the nuclear membrane. Interestingly, protein com-
position of the nuclear membrane is unique in different
tissues or different points in development (Schirmer
and Gerace, 2005). For example, isolation of the milk
fat globule membrane (MFGM) from bovine milk is
thought to represent the apical membrane of secretory
epithelial cells. Proteomic analysis of the MFGM could
enhance the understanding of the molecular mecha-
nisms of lactation (Reinhardt and Lippolis, 2006). In
addition, the proteomic analysis provided evidence
that these cells express toll-like receptors, which may
indicate their participation in an immune response to
a mammary gland infection (Reinhardt and Lippolis,
2006). Isolation of specific cellular organelles not only
serves as a first step fractionation to reduce the com-
plexity of the proteome, but could also lead to discover-
ies regarding the nature and functions of proteins resi-
dent to the organelle.

There are several fractionation schemes that can
separate proteins or peptides by their various physi-
cal attributes subsequent to or in place of subcellular
fractionation (Figure 1). These schemes may include
enrichment of proteins using molecules with specific
binding affinities to isolate away a group of proteins,
gel electrophoresis, or various chromatographies.

Antibodies and metal ions are 2 common means to
enrich for a specific type of protein. Antibodies specific
for a class of molecules called major histocompatibility
complex (MHC) have been used to isolate these mol-
ecules away from other cellular proteins. The MHC
molecules bind to peptide fragments of proteins nor-
mally from the cell and importantly from pathogens,
and then present the antigen on the cell surface for de-
tection by the immune system. The peptides are sepa-
rated from the proteins using size exclusion filtration,
and sequenced using mass spectrometry (Hunt et al.,
1992; Lippolis et al., 2002). For example, this type of
proteomic approach has yielded information regarding
the nature of the autoantigens that may be involved
in the autoimmune disease type 1 diabetes (Nepom et
al., 2001). Both antibodies and metal ions (immobilized
metal ion affinity chromatography) have been used to
enrich for phosphorylated proteins (Ptacek and Sny-
der, 2006). It is estimated that 30% of cellular proteins
are phosphorylated, and phosphorylation often acts as
an on/off switch for the protein’s function.

There are several types of gel electrophoresis pro-
cedures that are common to proteomic experiments.
The most common type of gel electrophoresis associ-
ated with proteomic experiment is 2-dimensional SDS-
PAGE (2D-PAGE). This type of gel electrophoresis
separates proteins by 2 different physical attributes
(Stasyk and Huber, 2004; Elrick et al., 2006). First,
proteins are separated by their isoelectric points in an
isoelectric focusing (IEF) gel. These IEF gels are made
with broad or narrow pH ranges to allow for different
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levels of resolution. After proteins have migrated in the
gel to their isoelectric point, the gel is then placed or-
thogonally to a typical reducing SDS-PAGE gel, and
proteins are run into that gel and separated on the ba-
sis of molecular weight (Figure 1, see example of 2D-
SDS-PAGE gel). The results are hundreds of protein
spots on a gel where left-right separation is by IEF and
up-down separation is by SDS-PAGE. Each protein
spot can then be cut out and the proteins analyzed by
mass spectrometry. Similar to 2D-PAGE is blue native
gel electrophoresis (BN-PAGE) that replaces the first
dimension IEF with a nondenaturing electrophoresis.
The BN-PAGE will allow protein complexes to remain
intact during the first dimension and separate them by
the molecular weight of the complexes. The first dimen-
sion native gel is then placed orthogonally to an SDS-
PAGE gel, which then separates the complexes into
the constituent proteins by their individual molecular
weights (Reisinger and Eichacker, 2006). Thus, protein
complexes can be analyzed and constituent protein
identified using BN-PAGE technology. One-dimension-
al SDS-PAGE is also an important tool in protein sepa-
ration before mass spectrometry. Because of its broad
molecular resolving range, one-dimensional-PAGE can
provide a convenient and powerful means to separate
protein for proteomic studies (Lippolis and Reinhardt,
2005; Reinhardt and Lippolis, 2006).

The most common form of peptide separation in pro-
teomic research is liquid chromatography. Peptides
can be separated into fractions based on their hydro-
phobicity in the case of reverse-phase chromatography
(RP-HPLC) or based on their charge state in the case
of strong cation exchange chromatography. Capillary
or nanobore columns (25 to 100 pm) with flow rates less
than 200 nL./min and the volatile nature of the solvents
used in RP-HPLC allows this type of chromatography
to be directly linked to mass spectrometers (LC-MS).
Therefore, peptide separation and peptide detection
can be simultaneous. Other fractionation techniques
can be used upstream of LC-MS to provide greater
separation. In what is commonly referred to as mul-
tidimensional protein identification technology (Mud-
PIT) 2 liquid chromatography techniques are used in
tandem (Washburn et al., 2001). Linking strong cation
exchange chromatography and LC-MS, researchers
were able to detect nearly 1,500 proteins from a yeast
proteome (Washburn et al., 2001).

The goal of these various protein or peptide separa-
tion schemes is to enable detection of all the proteins
in a proteome. When chromatography is linked to the
mass spectrometer, peptides will elute from the column
in finite peaks. A mass spectrometer can sample and
sequence only one peptide at a time (approximately
1 peptide every 1.5 s). Many peptides may be missed
if the sample is too complex. For example, if a whole
proteome (30,000 proteins) is digested into 10 peptides
each and was separated evenly over a 1-h chromatog-
raphy gradient, the average number of peptides eluting
off the column would be over 80 peptides per second.
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Figure 1. General proteomic experimental design. Multiple separation methodologies can be employed in a
proteomic experiment to maximize the number of proteins identified. This figure illustrates some potential sepa-
rations that may be used singly or in combination. IMAC = immobilized metal ion affinity chromatography. SCX
= strong cation exchange chromatography. 1D-PAGE = 1-dimensional PAGE. 2-D-PAGE = 2-dimensional PAGE.
LC-MS/MS = liquid chromatography linked to a tandem mass spectrometer.

For this reason, multiple separations are necessary to
reduce the number of peptides per second introduced
into the mass spectrometer for the analysis of as many
peptides as possible.

Mass Spectrometry

Current mass spectrometers can detect and identify
peptides in the femtomole (107*") to attomole (107'%)

range (Moyer et al., 2003). There are many types of mass
spectrometers that can be used for proteomic studies,
and each accomplishes the task of peptide identifica-
tion in a slightly different way. However, the basic pro-
cess of identifying a protein using a mass spectrometer
is consistent between the various types. After initial
protein digestion typically with trypsin, peptides must
be ionized to enter the mass spectrometer. Peptides are
then detected, isolated, and finally, fragmented and se-
quenced by the mass spectrometer.
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Figure 2. Outline of tandem mass spectrometry. Ionization of peptides is accomplished by one of 2 methods:
electrospray 1onization (ESI) or matrix-assisted laser desorption ionization (MALDI). Charged gas-phase peptides
are generated by ESI or MALDI when the acidic HPLC solution containing peptides evaporates or sublimation of
peptides occurs when a peptide-crystal matrix is hit with a laser. Ionized gas-phase peptides are then drawn into
the mass spectrometer. The qTOF is a tandem mass spectrometer that has a quadrupole mass analyzer in front of
a time of flight (TOF) mass analyzer. Ionized peptides travel in a constant stream through the instrument to the
TOF. There, distinct packets of peptides are pushed orthogonally to their original flight path. A mass spectrum
(MS) containing all the peptides in that package can be observed. To sequence a peptide, the quadrupole is auto-
matically set to allow only a single peptide to pass. The single peptide is then fragmented in the collision cell before
entering the TOF, and the peptides fragments are analyzed.

Tonization of peptides is the first step in mass spec-
trometry of proteomes. The 2 frequently used ioniza-
tion methods are electrospray ionization (ESI) and
matrix-assisted laser desorption ionization (MALDI,
Yates, 1998). One advantage of ESI is that this method
of ionization allows for the direct linkage between lig-
uid chromatography and mass spectrometry because
of the volatility of the HPLC solutions. Charged gas-
phase peptides are generated by ESI when the acidic
HPLC solution containing peptides is sprayed from a
tip, and the solution evaporates (Figure 2). The MAL-
DI requires mixing of the peptide with a UV-absorbing
molecule and the formation of crystals. When a laser
strikes the crystalline structure, the results are the
sublimation of the matrix and ionization and release
of the associated peptides (Figure 2). The peptides are
then analyzed by the mass spectrometer and the pep-
tide mass determined. The peptide’s mass is typically
expressed as a ratio of mass divided by the charge of
the peptide (m/z). Both EST and MALDI cause peptides
to gain protons. The same peptide population may gain

a different number of protons. Therefore, a peptide
with a mass of 1,000 Da will be detected on a mass
spectrometer with an m/z of 1001 if it gained 1 proton,
501 if it gained 2 protons, and 334.3 if it gained 3 pro-
tons during ionization.

There are 2 basic mass spectrometry methods for the
identification of proteins. The first called peptide fin-
gerprinting is often associated with 2D-PAGE protein
separation scheme. Individual spots from the 2D-PAGE
gel are isolated and the proteins digested with typsin.
These proteins are typically analyzed with a MALDI-
time of flight mass spectrometer. The mass spectrom-
eter will record all the peptide m/z detected in the gel
spot. Identification of a protein is based on the mea-
surement of multiple peptides that can come from that
protein. For example, after a mass spectrometer has
determined the m/z for the peptides from a gel spot,
this information will be matched to a protein database.
A successful protein match will be based on the num-
ber of peptides matched to the protein and the accuracy
of the matches. The second method to identify proteins
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involves use of tandem mass spectrometers that allow
for sequencing of individual peptides.

There are many types of mass analyzers that are
appropriate for proteomics. Each has strengths and
weaknesses. Many times 2 mass analyzers are used in
tandem, allowing sequencing of peptides. For example,
the qTOF mass spectrometer has a quadrupole (q)
mass analyzer in front of a time of flight (TOF) mass
analyzer (Figure 2). In this example peptide analysis
occurs in 2 steps. The first step to peptide analysis is
the detection of the group of peptides being ionized at
any one time (Figure 3). After peptides are ionized, a
constant stream of peptides travels through the instru-
ment to the TOF. There, distinct packets of peptides
are pushed orthogonally to their original flight path.
The time that it takes each peptide in that packet to
travel to the detector is proportional to its mass divided
by its charge (m/z). A mass spectrum (MS) containing
all the peptides in that package can be observed (Fig-
ure 3). The second step in the analysis of the peptide
sample then occurs. The operating software, typically
based on peptide abundance, selects dominant ions
from the MS spectra for peptide sequencing. The func-
tion of the quadrupole in a qTOF instrument is to al-
low only one ion of choice to pass through. The single
peptide is fragmented before entering the TOF, and
packets of the peptides fragments are analyzed. Inter-
pretation of the resulting spectrum (MSMS) allows for
the sequencing of the peptide (Figure 3). The different
formats of mass spectrometers accomplish the task of
analyzing and sequencing peptides in different ways.
However, each type of mass spectrometer detects the
composition of a group of peptides, isolates a specific
peptide, fragments the specific peptide, and finally, de-
tects the peptide fragments.

Quantitation

Mass spectrometry not only offers a means to iden-
tify a large number of proteins, but also can be used to
determine expression levels of proteins. For example, a
quantitation method allowed the comparison of the bo-
vine neutrophil proteome taken from dairy cattle weeks
before calving with the neutrophil proteome taken at
the time of calving, when neutrophils are known to be
functionally suppressed. Investigators showed over 40
proteins were differentially expressed between normal
and immunosuppressed neutrophils (Lippolis et al.,
2006a). Many of these proteins had not been previously
associated with immunosuppression.

There are 3 commonly used techniques to quantify
proteins in a large-scale proteomic experiment. Two of
the techniques use molecular tags that label peptides
through an interaction with a free thiol or amine group,
and the other technique employs 2D-PAGE gels to de-
termine changes in protein expression. The first mo-
lecular tags called isotope-coded affinity tags (ICAT)
came as a paired set; one tags with a light tag and the
other with a heavy tag. Using '*C atoms, the heavy tag
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is 9 Da heavier than the light tag and yet maintained
the same chromatography profile. Comparison of the
proteome of a cell type grown in 2 conditions is analyzed
by labeling one sample with the light tag and labeling
the other sample with the heavy tag. The 2 samples are
mixed and run on the reverse-phase chromatography
at the same time. Mass spectrometry analysis of the
abundance of 2 co-eluting peptides whose masses were
different by 9 Da would identify a pair of peptides, one
from each sample group (Gygi et al., 1999a). A newer
abundance tag system called iITRAQ uses a set of 4 tags
that have the same molecular weight but differ in their
fragmentation points. With this protocol, 4 unique
samples can be analyzed simultaneously, each labeled
with a unique tag. The samples are mixed after label-
ing. Labeling has no effect on the chromatography pro-
files of the peptides. Therefore, the same peptide from
the 4 samples will comigrate through chromatography
and enter the mass spectrometer at the same time. Be-
cause the tags have the same mass, they will be se-
lected for MSMS sequencing by the mass spectrometer
as a group. Fragmentation of the peptides in MSMS
not only cause the breakup of the peptide in a way
that is used for peptide sequencing but also causes the
breakup of the tag. Upon fragmentation each iTRAQ
tag releases a unique fragment; the abundance of the
unique fragment is proportional to the abundance of
the peptide from a specific sample (Ross et al., 2004).

Running parallel 2D-PAGE is another common
method to determine protein expression changes. This
approach requires replicate runs to overcome varia-
tions in running the gels to gain confidence. Using vari-
ous protein dyes, the intensity of the protein spots are
compared and using mass spectrometry the identity of
proteins determined. A variation to 2D-PAGE has been
developed and referred to as difference gel electropho-
resis (DIGE). In DIGE, protein dyes called CyDye flu-
ors are used to label proteins before 2D-PAGE. These
dyes are matched for mass and charge and therefore
do not greatly alter protein migration in the 2-dimen-
sional gel. Consequently, if 2 samples are labeled with
different CyDyes, the same protein from both samples
will comigrate in the 2D-PAGE. Fluorescence charac-
teristics of the 2 dyes would be used to determine the
relative abundance of that protein from the 2 samples
(Wu et al., 2000).

Comparisons of these expression proteomics methods
have shown the strengths and weaknesses of each (Wu
et al., 2000). A difference between ICAT and iTRAQ is
that ICAT labels peptides through a specific interac-
tion with cysteine residues, whereas i TRAQ labels pep-
tides through an interaction with amine groups. The
result is that ICAT will only label a fraction of the pep-
tides in the population, whereas the iTRAQ will label
all peptides. The result is that iTRAQ will label more
peptides per protein, and thus more expression data
points will be collected. However, ICAT labeling occurs
before trypsin digestion, whereas iTRAQ labeling oc-
curs after. Greater handling of sample before labeling
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Figure 3. Mass spectra: mass spectrometry (MS) and tandem mass spectrometry (MSMS) data. These data rep-
resent MS and MSMS data from a tandem mass spectrometer with a quadrupole mass analyzer in front of a time
of flight mass analyzer. The top data panel contains a sample MS spectrum. This represents a single 1.5-s scan
of the instrument in a 2 h experimental run. At this time point many peptides can be observed. The instrument
computer software will select ions with sufficient abundance for subsequent MSMS analysis for sequencing. The
bottom panel contains information that led to the sequencing of the 688.3 peptide seen in the top panel.

could be a source of experimental error and consistent
sample handling must be ensured. Disadvantages of
the DIGE systems were that in one study more than
one-third of the protein spots contained more than one
protein, in one case as many as 6 (Wu et al., 2000).
Comigration of several proteins will compromise the
accuracy of the quantitation using the DIGE method-
ology. The conclusion of Wu and coworkers was that
ICAT, iTRAQ, and DIGE were reasonably good meth-
ods for quantitative proteomics but that iTRAQ is the
most sensitive (Wu et al., 2000).

Bioinformatics

A proteomic experiment that includes multiple di-
mensions of fractionation before mass spectrometry can

lead to the generation of tens of thousands of peptide
MSMS spectra. Each spectrum must be analyzed and a
sequence of the peptide determined. Various software
has been generated to either de novo sequence or match
the spectra to known peptides. These peptides sequenc-
es are assocliated to proteins, and the proteins are iden-
tified with variable confidences based on the number
and quality of the peptides sequenced. Thus, tens of
thousands of peptide spectra can be analyzed and dis-
tilled into a report of hundreds of proteins in minutes.
The challenge for researchers who use proteomics as
a tool is how to interpret the data. When is one confi-
dent in the protein identification? How many unique
peptides are required to identify a protein? What is the
false discovery rate? How are closely related proteins
distinguished? These questions are presently a matter
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of debate in the proteomics field. However, these are
the questions that one must address when writing and
reading a proteomics paper.

Most of the protein identification software (e.g.,
MASCOT, Seaquest) starts with the assumption that
the peptide that is being sequenced is in the protein da-
tabase. If this assumption is not true, these programs
will find the best matching peptide in the database.
In the case of highly homologous proteins, sufficient
identity may exist to correctly sequence a peptide and
make a protein match in another closely related spe-
cies. For example, a proteomic study of an agricultural
animal tissue may report protein matches to animals
that have extensive protein databases (e.g., human,
mouse, or rat). This is likely due to incomplete nature
of the current agricultural animal protein database
compared with these other animal protein databases.
In addition, these protein sequencing software pack-
ages allow for several mismatches between the mass
spectrometry data and the database; this allows iden-
tification of closely related proteins but can affect the
confidence scoring of the protein. Thus, the quantity
and quality of protein identification is affected by the
quality of the protein databases.

Proteomics owes its existence, in part, to the Human
Genome Project. Completed in 2003, this 13-year project
had as 2 of its goals to identify all of the approximately
20,000 to 25,000 genes in human DNA and determine
the sequence of the 3 billion chemical base pairs that
make up human DNA. The success of this project has
resulted in sequencing projects in other model species
(e.g., mouse and rat), companion species (e.g., dog and
cat), and agricultural species (e.g., cow, pig, horse, and
sheep). However, the genomic databases of these spe-
cies are not at the same level of completeness. For ex-
ample, the number of genes currently identified in the
NCBI database is 64,000 for mouse, 29,000 for bovine,
and 3,000 for pig. As sequencing projects for these vari-
ous species are completed, the number and confidence
of proteomic techniques to identify proteins will be in-
creased. For example, Figure 4 shows the effect on pro-
tein identification using the protein database from 2
different years. The same mass spectrometry data set
was processed using a database from October 2004 or
August 2007. Importantly, in August of 2006 the Bo-
vine Genome Sequencing Center released an updated
version of the genomic assembly, adding more genomic
information to the bovine protein database. In Figure
4A the data show that 15.6% of the proteins identified
using the 2004 database were bovine, compared with
30.6% using the 2007 database. Not only did the num-
ber of proteins identified as bovine increase, but the av-
erage protein score increased, indicating greater confi-
dence in the identification (Figure 4B). From these data
we conclude that a more complete database (the 2007
compared with the 2004) results in a better data set
as determined by the number of proteins of the correct
species and the higher identification scores. Therefore,
as sequencing projects for various agricultural species
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are completed and annotated, the quality and quantity
of protein identifications will increase. This highlights
the need for continued effort into complete sequencing
of domestic animal genomes.

The presence, absence, or modification of a protein
has limited value without knowledge of the function of
the protein. The modulation of a protein with a known
function can then be associated with a cellular process
and the change in a cellular process linked to perturba-
tion of the normal homeostasis at a cellular level. The
challenge of proteomics is to sort through a mountain
of data and find the information about protein changes
that are critical to the host’s response to changes in
its environment or disease. Efforts to categorize pro-
teins according to their known or predicted functions
are currently underway. Consortiums such as The
Gene Ontology (http://www.geneontology.org) and the
Kyoto Encyclopedia of Gene and Genomes (http://www.
genome.jp/kegg) provide means to group proteins by
function or into biological processes.

CURRENT STATE OF PROTEOMIC
RESEARCH IN ANIMAL SCIENCES

The application of mass spectrometer-based pro-
teomics to agriculturally relevant animal physiology,
immunology, reproduction, muscle, and lactational bi-
ology is in its infancy and still limited in scope. We will
highlight some relevant proteomic work in the animal
sciences to date.

Proteomics in animal sciences can be used to survey
the proteins expressed in cells, cell compartments, tis-
sues and fluids, which yield data libraries of the abun-
dant proteins (Lippolis and Reinhardt, 2005; Cho et
al., 2006; Reinhardt and Lippolis, 2006; Radosevich
et al., 2007). Some of these new protein finds should
lead to future hypothesis-driven research. Quantita-
tive proteomics can be used to identify a protein and
its expression in samples from different experimen-
tal treatments; diseased versus healthy animals and
disease-causing bacteria at the site of disease versus
the same bacteria grown in the laboratory are a cou-
ple of examples. Proteins, pathways, or both that are
changed by the experimental treatments (Boyce et al.,
2006; Daniels et al., 2006; Lippolis et al., 2006a) yield
targets for future research. These approaches can be
used to examine host-pathogen interactions to iden-
tify key bacterial or host proteins important to disease
progression and recovery, organ development or host
responses to stress. Proteins that are significantly al-
tered in their expression, location, or are posttransla-
tionally modified in animals with a disease compared
with a group of healthy individuals represent protein
targets for diagnostic tests, new therapies, or biomark-
er discovery.

Proteomics in Animal Health and Disease

The innate immune system is the first line of defense
against a disease insult. The stresses of parturition
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Figure 4. Effect of database of proteomic data quality. A data set of mass spectrometry data analyzing bovine
neutrophil proteome was run against 2 protein databases. The first database was the National Center for Bio-
technology Information’s nonredundant protein database dated October 2004, and the second database was dated
August 2007. Protein searches were run on the same day using the MASCOT (Matrix Science, Boston, MA) soft-
ware with identical settings. (A) The percentage of the proteins identified as bovine (Bos taurus), human (Homo
sapiens), or mouse (Mus musculus) was determined for each group. (B) The average MASCOT protein score was

determined for all bovine, human, or mouse proteins.

and shipping have been clearly shown to suppress the
innate immune system in cattle and calves (Kehrli et
al., 1999; Duff and Galyean, 2007; Salak-Johnson and
McGlone, 2007). The research demonstrating stress-
induced immunosuppression has been accumulated in
a large number of detailed experiments. A single pro-
teomics experiment allows an investigator to examine
stress models globally, in a search for new or unrecog-
nized innate immunology pathways that are affected
by stress in cattle.

The most common model for studying the effects of
stress in cattle is glucocorticoid-induced stress (Roth
and Kaeberle, 1982; Burton and Kehrli, 1995; Salak-
Johnson and McGlone, 2007). Two recent proteomic
experiments demonstrate the power of proteomics to
quickly broaden our knowledge in this well-studied

area of animal immunology (Lippolis et al., 2006a;
Mitchell et al., 2007). These proteomic papers identi-
fied new proteins/pathways that may be important
in future hypothesis-driven studies of glucocorticoid-
induced immunosuppression. More importantly, these
papers raise important questions about the use of
glucocorticoid-induced immunosuppression as a mod-
el of real-life animal stress. The work of Mitchell and
coworkers demonstrated that glucocorticoids induced
proteins in bronchoalveolar lavage fluid that could
increase the susceptibility of calves to respiratory
disease. However, they also found proteins that may
enhance resistance to respiratory disease. The work
of Lippolis and coworkers goes further in question-
ing the appropriateness of the glucocorticoid-induced
immunosuppression model. Lippolis and coworkers
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used quantitative shotgun proteomics to compare real
periparturient-induced immunosuppression in dairy
cow neutrophils to a glucocorticoid model of neutrophil
immunosuppression. These studies are of particular
importance because neutrophils are a key cell in the
host response to mastitis infections. Their data clearly
showed that there are both similarities and differences
in bovine neutrophil protein expression in a naturally
occurring immunosuppression observed in periparturi-
ent cows compared with a glucocorticoid-induced im-
munosuppression (Lippolis et al., 2006a). Therefore,
this global proteomic approach to the study of bovine
innate immunology has in one experiment raised a
significant note of caution about a primary model of
bovine immunosuppression as well as identifying new
proteins that may be functionally significant in bovine
innate immunity.

One of the new bovine innate immunity proteins
found in this work was histone H2A.1 that was shown
to be significantly downregulated in neutrophil mem-
branes from immunosuppressed cows. The observation
that H2A.1 was associated with membranes and was
downregulated in immunosuppressed cows was a sur-
prise of the type that can be found by proteomics. On
the surface, the data were confusing, but a literature
search turned up a reason for this observation and led
to hypothesis-driven research on bovine neutrophil
function. Recent work had shown a novel neutrophil-
killing mechanism (Brinkmann et al., 2004). It involves
the release by neutrophils of a web of DNA, histones,
and antibacterial proteins, which forms a trap to kill
bacteria. These complexes are referred to as neutrophil
extracellular traps (NET). The histone data from the
proteome analysis (Lippolis et al., 2006a) led to ex-
periments that showed that this new neutrophil kill-
ing mechanism, NET, is present in bovine neutrophils
(Lippolis et al., 2006b).

Proteomic-derived data on neutrophils will be of
great importance in understanding many aspects of
innate immune protection in diseases such as masti-
tis. Furthermore, the milk proteome has yielded evi-
dence for the presence of previously unrecognized host
defense proteins in milk (Smolenski et al., 2007) that
may be important to mastitis research. Interestingly,
proteomic examination of the milk fat globule mem-
brane proteome (MFGM) for lactation biology research
revealed the presence in the MFGM of the innate im-
mune signaling molecules, TLR2, TLR4, and CD14 (Re-
inhardt and Lippolis, 2006). Because MFGM is derived
from the apical membrane of the secretory cell, these
new data suggest that mammary epithelium may be
directly involved in signaling that may lead to early re-
cruitment of innate immune cells to fight an infection.
Additional quantitative proteomic studies have shown
that TLR2 is significantly upregulated on MFGM in
early lactation (Reinhardt and Lippolis, 2008), and at
the same time these MFGM quantitative proteomic
studies contributed new data on mammary develop-
ment in early lactation.
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The above discussion has focused on some recent pro-
teomic contributions to host factors in animal health.
Proteomic analysis of disease-producing bacteria also
has great potential to increase our overall understand-
ing of animal health. Bacterial proteomes compared
between laboratory and disease states will increase
our understanding of virulence factor expression, will
lead to development of new diagnostic tests from new
protein markers, and has the potential to identify new
candidate proteins for vaccine development.

Several animal health laboratories are using pro-
teomics for just these purposes. For example, Johne’s
disease (Mycobacterium avium subsp. paratuberculo-
sis) is an economically significant disease in cattle. Pro-
teomic experiments have been performed on this bacte-
rium to identify new diagnostic tools (Cho et al., 2006)
and to examine differences in the proteome between
laboratory-adapted strains and clinical isolates (Rado-
sevich et al., 2007) to better understand this disease for
future Johne’s disease diagnostics and vaccine devel-
opment. Similar proteomic efforts and approaches are
underway for Brucella abortus (Connolly et al., 2006),
Pasteurella multocida (Boyce et al., 2006), Mycobacte-
rium bovis (Mollenkopf et al., 2004), as well as other
economically important production animal diseases.

Dairy Food Production Bacterial Pro-
teomes. A large number of bacterial species are used
in the production of dairy products. The proteins and
pathways that are affected when these bacteria are
moved from laboratory media to growth in milk are
significant to the manufacturing process and are eco-
nomically important. A proteomic approach can yield
information regarding the global changes in protein
expression needed to understand the adaptations that
these bacteria undergo. The proteomes of Lactobacil-
lus bulgaricus, lactococcus lactis, and Streptococcus
thermophilus have been examined for protein changes
resulting from growth in laboratory medium or in milk
(Rechinger et al., 2000; Derzelle et al., 2005; Gitton et
al., 2005). The proteomes of all 3 of these bacteria were
significantly changed when the bacteria were grown
in milk compared with laboratory media. These data
provide food scientists with new information to modify/
select these bacteria for optimum dairy food produc-
tion practices. Moreover, these data suggest that we
may get a more complete picture of bacterial pathogen-
esis in mastitis by examining changes in the bacterial
proteome of common mastitis causing bacteria when
grown in milk.

Muscle Biology Proteomes

Meat quality, appearance, flavor, and tenderness are
affected by many factors (Bouley et al., 2004; Jia et al.,
2006a, 2007). Postmortem storage times/temperature
contribute significantly to meat characteristics in some
as yet unknown ways. Proteomic approaches are be-
ing used extensively to examine postmortem changes
in slaughtered beef and pork to understand the mecha-
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nisms that control postmortem muscle changes that af-
fect meat quality (Jia et al., 2006a,b, 2007; Sayd et al.,
2006; Laville et al., 2007; Suman et al., 2007). As these
findings are studied and extended experimentally, new
and improved postmortem procedures may yield higher
quality meat for consumers.

Proteomics in Animal Reproduction

High reproductive performance and factors that af-
fect it have a significant impact on animal production
profitability. Proteomics has been used to show that
variation in protein types and amounts in seminal
fluid regulates fertility indexes in dairy bulls (Kelly et
al., 2006; Moura et al., 2006a,b). Whether these find-
ings can be used to improve dairy bull fertility is as yet
unknown, but these data would have been difficult to
generate in the preproteomic era.

SUMMARY

We have briefly reviewed the significant technol-
ogy, challenges, and promises of proteomic research.
In addition, we have provided a snapshot of recent
proteomic research in several areas of the animal sci-
ences. It is clear that this is a science and technology
that is in its infancy but a technology that shows great
promise in leading to future advancements in animal
science research. With the known potential for a dis-
connect between gene expression and protein expres-
sion, proteomic experiments in combination with gene
expression experiments (e.g., microarray) will yield the
most accurate and complete picture of the cellular re-
sponse to environmental changes. A shotgun approach
to protein expression has the advantage of being able
to identify changes without prior knowledge of which
proteins may change. Thus, proteomics has the abil-
ity to discover potentially new and unexpected connec-
tions between a change in treatment and a change in
protein expression.

Challenges in the field of animal science proteomics
include an incomplete genomic sequencing of some spe-
cies and an incomplete understanding of protein func-
tion in all species. Genome sequencing programs are
enabling molecular understanding of various species,
whereas determination of the functions of many pro-
teins will likely take many years. Proteomics is likely
to play an important role in determining functions for
many proteins. The promise of proteomics is that it will
enable researchers to understand the complex inter-
play of potentially hundreds of proteins involved in a
singular cellular process and to identify and quantitate
these complex protein networks as a cell response to its
environment.
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